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Microwave assisted magnetization reversal are studied in the bulk bilayer exchange coupled system. We investigate the nonlinear 
magnetization reversal dynamics in a perpendicular exchange spring media using Landau-Lifshitz equation. In the limit of the infinite 
thickness of the system, the propagation field leads the reversal of the system. The reduction of the switching field and the 
magnetization profile in the extended system are studied numerically. The possibility to study the dynamics analytically is discussed 
and an approximation where two P-modes are coupled by an interaction field is presented. The ansatz used for the interaction field is 
validated by comparison with the numerical results. This approach is shown to be equivalent to two exchange coupled macrospins. 
 
Index Terms—Micromagnetics, Magnetic switching, Microwave-assisted reversal.  
 
I. INTRODUCTION 
ith the tremendous demand in the electronic storage 
technology, new strategies are being continuously tested 
to overcome the so called “recording trilemma” [1]. This fast-
paced developing technology requires understanding of the 
fundamental dynamical magnetization reversal processes [2] 
[3]. One of the current challenges is to reduce the writing field 
in the recording devices as the use of high perpendicular-
anisotropy materials requires very intense applied fields for 
switching the media grains. 
One of the projected solutions is to use the heat-assisted 
magnetic recording (HAMR) or thermally assisted recording 
(TAR) technique [4].  Thirion et al. [5] proposed a method to 
overcome high fields required to reverse the spins in the high 
density media without compromising the thermal stability of 
the devices by introducing a radio-frequency (RF) field along 
with a constant applied field [6]. Suess et al. [7] reviewed the 
use of exchange spring media for magnetic recording and 
moreover they showed that it is possible for perpendicular 
recording media to achieve the required thermal stability at 
very high densities. 
In this work we focus on the application of microwave 
assisted switching to perpendicular exchange spring media 
(PESM). Many works have been devoted to show the 
reduction in the switching field in PESM compared to single 
phase high anisotropic media [8], [9], [10]. However, there is 
very limited literature to explain analytically the mechanisms 
of switching and reversal in this class of materials [11]. The 
analytical description of magnetic behavior in PESM was 
studied by Asti et al. [12] using the static micromagnetic 
approach. The magnetization dynamics was analytically 
studied by Bertotti et al. [13], [14] for uniaxial anisotropic 
media. This work was limited to uniformly magnetized 
systems.  
The challenge represented by the non linear nature of 
Landau Lifshitz (LL) equation, and by the non-uniformity of 
the problem, due to the interface between the hard and soft 
magnetic phases, makes a pure analytical solution hardly 
achievable. However, here we show that the numerical 
solution of the problem makes possible, under rather general 
condition, to describe the dynamics using the same analytical 
results obtained for the decoupled layers with an additional 
interaction field mimicking the effect of the interface induced 
nonuniformity. 
II. MODEL 
We consider a system composed of two layers lying on the 
xy plane, one magnetically hard and the other soft. Both layers 
exhibit perpendicular uniaxial anisotropy directed along z-
axis. The system is infinite in the xy plane and due to this 
geometry the magnetization is uniform along the plane. Thus 
the problem reduces to work out the distribution of 
magnetization vector M= M(z) with respect to z, is the local 
magnetization vector. Calling z0 the coordinate of the interface 
between the soft and the hard layer we have that |M(z)| = 
Ms(z). The in-plane component of the magnetization is given 
by M= M
2
x +M
2
y. The magnetocrystalline anisotropy is K(z) 
= K1 for z < z0, and K(z) = K2 otherwise. The shape and 
magnetocrystalline anisotropies can be merged in a single 
effective anisotropy constant, Ku(z) = K(z) -0Ms
2
(z)/2. The 
two phases are assumed to be exchange coupled at the 
interface. 
The magnetization dynamics are given by LL equation,  
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where γ is the gyromagnetic ratio associated with electron 
spin, α is the damping constant, and Heff is the effective field, 
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where lex = (2A/0M
2
s(z))
1/2
 is the characteristic exchange 
length. 
Ha(t) is the total applied field which is the sum of a DC 
magnetic field, Haz applied perpendicular to the plane of the 
media and a circularly polarized microwave field of 
magnitude Ha rotating with angular frequency  = 2πf, 
W 
> 08-GS< 
 
2 
applied in the plane. 
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It is known [12] that there are two fields controlling the 
process of magnetic reversal in spring systems, the nucleation 
field HN and propagation field HP. For exchange coupled 
multilayer systems it has been shown that the leading field in 
the reversal process, for thin systems is HN and HP in the limit 
of infinite thickness of the layers. In this case, the analytical 
expression for the propagation field in static conditions is [12], 
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To study numerically the dynamical reversal of this system 
we have developed a Fortran code solving LL equation using 
the finite difference technique [15]. Here we focus our 
attention on a thick system where the propagation field leads 
the reversal process. Actually the infinite thickness limit is 
easily reached when the total width of the system is few tens 
of its domain wall.  
The switching process is studied keeping Ha and  
constant and by slowly changing the DC field between Haz = -
1.6 × 10
6 
A/m and Haz = 1.6 × 10
6
 A/m. The effect of eddy 
currents on the uniformity of the applied field is neglected.  
We solve the equation of motion for the bilayer system 
using the micromagnetic parameters of a widely used PESM, 
FePt/Fe system. The parameters used are as follows: exchange 
constant A1=A2 =10
-11 
J/m, anisotropy constants K1 =2 × 10
6 
J/m
3
, K2 = 0.48 × 10
5 
J/m
3
. We performed calculations 
assuming same saturation for both layers Ms = 1.55 × 10
6 
A/m 
(this overestimates Ms for hard layer but allows a simpler 
analytical formulation in term of reduced units). Damping 
parameter is taken to be α = 0.01. Soft and hard layers have 
equal thicknesses of 100 nm. The magnitude of the in-plane 
microwave field is kept constant, Ha = 8 × 10
4 
A/m. 
Simulations are performed for several microwave frequencies 
ranging 1 GHz   f   20 GHz.  
III. RESULTS AND DISCUSSION 
A first and worth discussing result of the simulations is that, 
in a frequency interval up to more than 10 GHz, the average 
magnetization of the system, taken along z, <Mz>, behaves 
like a P-mode. A P-mode is a stable solution of the dynamic 
equation for the system subjected to the microwave field, 
which results in uniform precession of the magnetization 
around anisotropy axis, in synchronization with microwave 
field. Due to non-uniform magnetization in the bilayer system, 
the stable solution is given by the average magnetization 
<Mz>, which is constant in time forming an angle  with 
respect to z axis whereas < M> is rotating with angular 
frequency , and with a phase lag  with respect to the 
rotating component of the applied field Ha. We call this 
stationary state a global P-mode. In Fig.1 we plot the 
normalized average z-component of the magnetization against 
the DC magnetic field showing the ascending branch of a 
switching loop with -1.6 × 10
6
  Ha  1.6 × 10
6 
A/m. The P-
mode behavior is apparent up to f = 10 GHz. Beyond this 
limit, the average magnetization shows oscillations whose 
behavior is much more similar to a quasi periodic mode (Q-
mode, using terminology from [16] [17].  Another feature 
apparent in Fig. 1 is the switching field reduction as a function 
of the microwave frequency (see inset in Fig.1). This 
microwave assisted switching is similar to the one reported in 
[13] for uniformly magnetized systems. It is worth noting that 
6 GHz curve is switching at a very small positive DC field. 
This results opens a possibility to investigate zero field 
directional field microwave assisted switching. 
A deeper analysis of the simulation results gives us the 
opportunity to go beyond the global P-mode concept. Fig.2 
shows the angle θ(z) between perpendicular component of 
magnetization M and Haz as a function of z for different values 
of Haz. The system is subjected to a constant in-plane 
circularly polarized field with f = 6 GHz. The figure shows 
two uniform regions separated by a thin transition region. The 
thickness of the latter stays constant (~30 nm) all along the 
magnetization curve and its contribution to the average 
magnetization can be assumed to be negligible. A plot of the 
lag angle (z) between M(z) and Ha gives very similar 
results. Thus we can say that the global P-mode is nothing but 
the average of two individual P-modes, corresponding 
respectively to the soft and the hard layer. 
 
Fig.1. Spatial average of Mz as a function of frequency. Only the 
branches of the loop when DC field is varied from -1.6 × 10
6 
to  1.6 
× 10
6 
A/m, is shown here for frequencies of 1,6,10 and 15 GHz. 
Variation of switching field in response to the microwave frequency 
(line with triangles) is shown in the inset with the solid straight line 
corresponding to the switching field in absence of microwave field. 
 
Treating with P-mode solutions, it is possible to greatly 
simplify expressions by changing the system frame from the 
laboratory frame to a frame in which the system is rotating 
around z axis with the same angular frequency  of the 
microwave field. In this frame, the applied field becomes 
constant and is given by Ha = Haz ez+ Hax ex and the LL 
equation (1) is written as, 
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The magnetization M is fully defined by its angle θ with 
respect to z-axis and the angle  with respect to x (i.e. to Ha). 
From [16], and [17] we know that a P-mode maps, for given 
, the values of Mz and of the lag angle  (namely of Mx, and 
My) onto the values of the DC field Hz, and on the in-plane 
rotating field amplitude H through the following expressions: 
 
z
s
u
z
M
M
K
H 






0
0
2




   (6) 
 22
22
22
2
0 zs
s
MM
M
H 












   (7) 
y
x
s
M
M
M

 
0
    (8) 
 
Fig.2 Spatial distribution of θ(z) for various DC field values at AC 
field frequency 6GHz. From z=0-100 represents the soft phase and 
z=100-200 represents hard phase. The black circles at θ=π represents 
the initial state of the system and the down triangle represents the 
final state of the system after complete switching. 
 
From Eq. (6), (7), and (8), we can easily verify that the field 
we are actually applying, Ha would not produce the observed 
P-mode when applied to the uncoupled layers. From this we 
can suppose the observed P-mode to be generated by a field Hi 
(subscript i = 1, 2 refer to the P-mode we observe in i layer) 
being the sum of the applied field and of an interaction field 
Hj, exc representing the interface exchange coupling with the 
other layer, 
          .
,excjai
HHH     (9) 
We use a standard ansatz for the exchange field (see [11]) 
with Hj,exc = C Mj, where C is a constant to be determined. 
Assuming that,  
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where, L is the total thickness of the system and z1 z  z2, is 
the region where the transition layer is located. We define 
|M1,2 (t)| = Ms1,2. The interaction due to the layer is taken into 
account by an energy term  
-0CM1M2, so that the effective field in the two spatially 
uniform layers is given by 
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      The P-mode in the two coupled layers is given by the 
equations 
0)(
)1(
2,12,1
2,1
2,1
2
2,12,1








eff
s
zeff
M





 e
 (12) 
 The four unknowns of the problem, specifically the three 
components of Hi and C, are fully determined by equations 
(6), (7), (9) and by the constraint, Hj,exc = C Ms. 
 
 Fig.3 
Representation of exchange energy versus the angle between M1 and 
M2 defined in Eq.(10). 
 
Using our numerical results we calculated, C = 0.1. On the 
other hand, we can also estimate C by calculating the 
exchange energy of the bilayer system. The exchange energy 
term is calculated by integrating (M)2 along the sample 
thickness. This integration includes the transition region, 
which, of course, will give the main contribution to the total 
exchange energy of the system. Exchange energy is plotted 
against the angle between the magnetizations of the two 
uniform regions (i.e. the two P-modes), respectively M1 and 
M2, Fig.3. The slope of the curve gives the exchange 
coefficient C. Linear fitting of the curve is shown by the red 
line in the figure. 
    The points in the figure which do not follow the linear 
behavior correspond to the region around switching field.   
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This approach is equivalent to describe the system as two 
exchange coupled macrospin with different uniaxial 
anisotropy. This model is numerically solved under the same 
parametric conditions used for the bilayer system with the 
exchange constant derived from the solutions of bilayer 
system. In Fig.4 we show that <Mz>(Haz) loops for the 
extended bilayer and of the macrospin system are in very good 
agreement.  
Further investigations will be devoted to apply the 
bifurcation analysis presented in [13] to the case of two 
coupled P-modes. In this case, the phase portrait analysis 
discussed in [13] can be used to describe the dynamics of each 
single P-mode substituting the field of Eq. (9) to the standard 
applied field.  
 
 
Fig.4 Average magnetization vs DC field. The loop in red (solid 
line) is the magnetization behavior for bilayer system obtained from 
the numerical simulations and the loop in blue (with filled circles) is 
the magnetization behavior from the macrospin magnetization model. 
ACKNOWLEDGMENT 
     The authors wish to thank Giorgio Bertotti for many 
helpful suggestions. This work was funded by the ANR 
project MICROMANIP and by the Fondation de Cooperation 
Scientifique Campus Paris Saclay as a part of the foreign guest 
project of DIGITEO N◦ 2012-XXD. This work was partially 
supported by MIUR-PRIN Project No.2010ECA8P3 
“DyNanoMag.” 
IV. REFERENCES 
[1]  D. Weller and A. Moser, "Thermal effect limits in 
ultrahigh-density magnetic recording," Magnetics, IEEE 
Transactions on,, vol. 35, no. 6, pp. 4423-4439, 1999.  
[2]  D. S. Schmool and P. M. Monteiro, "Magnetization 
dynamics in exchange-coupled spring systems with 
perpendicular anisotropy," Physical Review B, vol. 81, p. 
214439, 2010.  
[3]  W. Longze, Z. Kaiming, W. Dan and G. Kai-Zhong, 
"Switching Phase Diagram of Two Frequencies MAMR 
for ECC Media," Magnetics, IEEE Transactions on,, vol. 
49, no. 7, pp. 3652-3655, 2013.  
[4]  A. Moser, K. Takano, D. T. Margulies, M. Albrecht, Y. 
Sonobe, Y. Ikeda, S. Sun and E. E. Fullerton, "Magnetic 
recording: advancing into the future," Journal of Physics 
D, pp. 0022-3727, 2002.  
[5]  C. Thirion, W. Wernsdorfer and D. Mailly, "Switching of 
magentization by nonlinear resonance studied in single 
nanoparticles," Nature materials, vol. 2, pp. 524--527, 
2003.  
[6]  T. Tanaka, N. Narita, A. Kato, Y. Nozaki, K. Hong Y and 
K. Matsuyama, "Micromagnetic study of Microwave-
Assisted Magnetization Reversals of Exchange-Coupled 
Composite Nanopillars," Magnetics, IEEE Transactions 
on,, vol. 49, no. 1, pp. 562-566, 2013.  
[7]  D. Suess, J. Lee, J. Fidler and T. Schrefl, "Exchange-
coupled perpendicular media," Journal of Magnetism and 
Magnetic Materials, vol. 321, pp. 545 - 554, 2009.  
[8]  M. A. Bashir, T. Schrefl, J. Dean, A. Goncharov, G. 
Hrkac, S. Bance, D. Allwood and D. Suess, "Microwave-
Assisted Magnetization Reversal in Exchange Spring 
Media," IEEE Transactions on Magnetics, vol. 44, pp. 
3519-3522, 2008.  
[9]  M. Igarashi, Y. Suzuki, H. Miyamoto, Y. Maruyama and 
Y. Shiroishi, "Mechanism of microwave assisted 
magnetic switching," Journal of Applied Physics, vol. 
105, 2009.  
[10]  C. Boone, J. A. Katine, E. E. Marinero, S. Pisana and B. 
Terris, "Microwave-Assisted Magnetic Reversal in 
Perpendicular Media," Magnetics Letters, IEEE, vol. 3, 
pp. 3500104-3500104, 2012.  
[11]  D. Suess, "Micromagnetics of exchange spring media: 
Optimization and limits," Journal of Magnetism and 
Magnetic Materials, vol. 308, no. 2, pp. 183-197, 2007.  
[12]  G. Asti, M. Ghidini, R. Pellicelli, C. Pernechele and M. 
Solzi, "Magnetic phase diagram and demagnetization 
processes in perpendicular exchange-spring multilayers," 
Physical Review B, vol. 73, p. 094406, 2006.  
[13]  G. Bertotti, I. D. Mayergoyz, C. Serpico, M. dAquino and 
R. Bonin, "Nonlinear-dynamical-system approach to 
microwave-assisted magnetization dynamics (invited)," 
Journal of Applied Physics, vol. 105, pp. 07B712-
07B712-5, 2009.  
[14]  S. Li, "Analysis of Microwave Assisted Magnetization 
Switching in Magnetic Material," Physics Procedia, vol. 
22, pp. 74-79, 2011.  
[15]  C. Serpico, I. D. Mayergoyz and G. Bertotti, "Numerical 
technique for integration of the Landau--Lifshitz 
equation," Journal of Applied Physics, vol. 89, pp. 6991-
6993, 2001.  
[16]  G. Bertotti, C. Serpico and I. D. Mayergoyz, "Nonlinear 
Magnetization Dynamics under Circularly Polarized 
Field," Physical Review Letters, vol. 86, pp. 724--727, 
2001.  
[17]  I. D. Mayergoyz, G. Bertotti and C. Serpico, Nonlinear 
magnetization dynamics in nanosystems, Elsevier, 2009.  
> 08-GS< 
 
5 
 
 
 
